INTRODUCTION
Modeling is an important tool in the design and evaluation of vehicles. Direct testing of vehicles is expensive, time consuming and difficult. While it is recognized that vehicle testing is always necessary, models can provide accurate estimates of vehicle performance at a reduced cost and effort. Modeling also provides a method for testing new concepts and ideas at early stages in the vehicle development process.
This paper describes a vehicle evaluation code. This code has been developed to analyze electric and hybrid vehicles. Electric and hybrid vehicles are currently receiving great attention, due to concerns about pollution and energy efficiency. Electric vehicles are the best developed technology that can be used to meet the 1998 zero emission vehicle mandates imposed by the State of California, and hybrid vehicles offer the potential for very high energy efficiencies, long driving ranges, and low pollution or zero pollution for fuel cell hybrids.
Several electric and hybrid vehicle models exist in the literature. Interest in electric vehicles in the late 1970s and early 1980s resulted in many mode1s;l-5 and the current interest lhas resulted in the development of a new generation of vehicle codes. These include, among others, a code that applies to pure electric vehicles, focusing especially on battery simulation;6 a code to simulate stirling engine hybrids;7 and a code applicable to elecuric vehicles, range-extender hybrids, and conventional cars.8 A survey of existing vehicle simulation codes has also been published recently.9 The new models differ from the older models in the characteristics of the individual components being simulated, as well as in the vehicle configurations being analyzed, because progress in power electronics now makes possible not only more efficient components, but also more efficient configurations than those available in the past. All these models incorporate a wide range of degrees of detail and complexity. As with all models, increasing the accuracy results in an increased complexity of the model, as well as in an increased need for vehicle component data.
The Hybrid Vehicle Evaluation Code (HVEC) described in this paper has been developed to evaluate many of the vehicle configurations currently being considered for low emission and high energy efficiency vehicles. HVEC is capable of analyzing vehicles with different combinations of primary power supplies (engines, fuel cells), and energy storage devices (batteries, flywheels, ultracapacitors) .
HVEC applies only to electric vehicles and series hybrids in which the primary power supply and the storage system provide only electric power to the traction motor. No mechanical connection between primary power supply, storage, and traction motor is allowed. Due to this limitation, HVEC cannot be applied to simulate conventional vehicles. Figure 1 shows a schematic of the vehicle configuration that can be simulated w i t h HVEC.
DESCRIPTION OF THE CODE
As stated previously, HVEC applies only to electric and series hybrid vehicles. The vehicle configurations that can be analyzed with HVEC are listed in Table 1 , along with a brief description of each. Table 1 includes some of the configurations that present the most interest for high efficiency and low pollution vehicles. These configurations also represent the most common combinations of primary power supplies and energy storage devices. Table 1 does not list separate configurations for ultracapacitors, because these are presently simulated in the same way as flywheels (although most likely with different parameters).
The code operates in batch mode, with all the information for the vehicle provided in a data After this is done, the user selects the names for the vehicle data file and two result data files (a short, summary file; and a long, more detailed file). The user can select these files by either typing in a file name, or by selecting the default file names given by the code. A list of all the information required to describe a vehicle, taken from an example data file:, is shown in Table 2 , for an engine-flywheel hybrid (configuration 4). I I file. The user starts by selecting a vehicle configuration from the list given in Table 1. HVEC starts by calculating weights and volumes for the power train components. Weights and volumes are calculated from values and correlations given in the literature,l*-ll or from correlations derived from manufacturer's equipment catalogs. The power train weight is then used to calculate the test vehicle weight, according to the following equation?
In this equation, TVW is the test vehicle weight, BCVW and BCPTW are base case weights for the vehicle and the power train, given in the vehicle data file, PTW is the vehicle power train weight, calculated by the model, and MPF is the mass propagation factor, an empirical coefficient which accounts for the fact that a heavier power train requires a heavier structure to carry it. Base case weights can be estimated from existing prototypes. This formulation allows the study of performance changes due to heavier or lighter power trains.
HVEC then simulates a test drive of the vehicle over three driving cycles. The driving cycles are: a constant 88 k m h (55 mph) drive, the EPA Federal Urban Driving Schedule, and the Highway Driving Schedule. For vehicle configurations 1,2 and 3 (limited range vehicles), each driving cycle is repeated until the vehicle energy or power is not enough to meet the requirements of the drive. For vehicle configurations 4 through 8, the driving cycles are repeated until the vehicle travels a specified distance and the energy storage system has the same state of charge as it had at the beginning of the drive. This distance is chosen to be long enough to yield good average values over many cycles. No consideration is given to the possibility of having vehicles 4 through 8 run out of fuel. It is assumed that they have a fuel tank that is large enough to drive the specified distance.
However, the test drive for vehicles 4 through 8 can stop before reaching the specified length of the test drive if the primary power source (engine or fuel cell), or the energy storage system, does not have enough power to meet the requirements of the driving schedule. HVEC requires all vehicles to precisely meet the velocity-time relations imposed by the driving cycles.
HVEC uses basic vehicle dynamics equations12 to calculate the required motor power during vehicle operation. The user can specify vehicles with or without regenerative braking (except for fuel cell vehicles with no electrical storage capability, configuration 8). In hybrid vehicles, HVEC controls the energy flows in and out of the primary power supply, the storage system, and the motor, with strategies aimed at yielding maximum energy efficiency. In hybrid vehicles with an engine or a fuel cell, the engine or fuel cell initially operates at a fixed power to charge the storage system. When the storage is fully charged, the engine or fuel cell is turned off, and the storage provides all the energy for propulsion and for accessories. This process continues until the storage is discharged to some preset level. At this point, the engine or fuel cell is turned on to start a new recharge cycle. On-off cycling of engines and fuel cells may cause efficiency losses and/or energy consumption. A cold engine may have higher friction than a warm one, bacause oil viscosity is higher at low temperature. Low polluting engines may require electric heating of the catalytic converter before start up. To take into account these effects, the model allows the user to specify a penalty for engine or fuel cell start up (number 58 in Table 2 ). This penalty indicates an amount of electric power that is deducted from the storage device every time the engine or fuel cell is switched on. Deep storage cycles are desirable: to reduce the cycling frequency of the engine or fuel cell. However, the depth of discharge for batteries is usually limited to 80% to avoid battery damage. Flywheels and ultracapacitors are discharged until they have a specified amount of energy, which may be necessary if acceleration is required (such as for passing) before the engine or fuel cell can start operating. While HVEC assumes that engines and fuel cells in hybrid vehicles usually operate at a fixed, normal power, HVEC also allows engines and fuel cells to work at a high power setting, which is used exclusively for long hill climbing, for which the storage system may not have enough energy to provide the desired performance. As the vehncle operates most of the time at normal power, the engine and generator, or 'fuel cell, are optimized for this condition, and the efficiency of the system may be lower at the high power setting.
At the end of each test drive, HVEC gives the results for distance traveled, energy consumption, fuel economy in km/liter (and mpg), and a summary of system efficiencies and energy losses for the driving cycle. After completing the three test drives, HVEC calculates the time for 0-96 km/h acceleration, and hill climbing performance: range on a 5% and on a 30% hill for vehicles 1, 2, and 3; and continuous hill climbing slope at a 96 k m h speed for vehicle configurations 4 through 8.
Finally, the code calculates vehicle emissions. For electric and flywheel vehicles (configurations 1, 2, and 3), emissions are calculated by assuming that the electricity required to charge the battery or flywheel is generated at a natural gas power plant. For vehicles with an engine, the user can choose between a gasoline engine, a natural gas engine, or a hydrogen engine. Emission values for the gasoline engine are assumed equal to the CARB LEV (California Air Resources Board Low Emission Vehicle) limits. For the natural gas engine, the code uses the CARB ULEV (Ultra Low Emission Vehicle) limits, which have been recently demonstrated.l3 For the hydrogen engine, HVEC uses the emission rates measured by Homan,14 for a hydrogen engine operating very lean. Fuel cells are assumed to have no emissions, except for C02 production. For C02 calculations, hydrogen is assumed as being generated by steam reforming of natural gas at a 67% efficiency. If the hydrogen is obtained from a renewable source, net C 0 2 production is zero.
HVEC allows the user to specify if any of three additional result data files should be generated. These files include information on the driving cycles, on the storage syste:m, and on the maximum acceleration test, respectively. HVEC also has an option which allows running for multiple values of a single variable. This option is very useful in parametric analyses, optimization, or for vehicle synthesis, where the performance specifications are given, and the goal is to find vehicle characteristics that are compatible with these specifications. This option allows rapid assessment of fuel economy sensitivity to design variables.
VEHICLE COMPONENT SIMULATION
This section describes the procedure used to simulate the major vehicle components.
ELECTRIC MOTOR AND CONTROLLER -The efficiency of the electric motor and controller is calculated by using performance maps provided by manufacturers. The performance maps are specified in data files as tables of efficiency values as a function of torque and RPM. HVEC then uses Lagrangian interpolation to obtain the efficiency for any combination of torque and RPM. HVEC includes data files for two ac induction motors, each made by a different manufacturer; a brushless, permanent magnet motor, and a dc motor. The user has the choice of selecting one of these motors, or generate and use a data file for a different motor.
The electric motor simulation assumes that the performance maps are scalable in terms of the maximum torque and speed, so that a single motor map can be used for a family of motors with the same characteristics and different sizes. According to Unnewehr and ~noop,2 this is a good assumption, if the difference in sizes is not very large.
TRANSMISSION -The transmission is simulated by specifying the vehicle speeds at which an upshift or a downshift occurs, as well as the reduction ratios for each of the gears. HVEC simulates a 3 speed transmission, but the same transmission model can be used to simulate two speed, or fixed ratio transmissions if the speed for shifting into the higher gears is set well above driving cycle speeds, so that the vehicle never shifts into these gears. The model assumes a constant transmission efficiency, which is also specified by the user.
ENGINE AND GENERATOR -As previously discussed, engines used in the present model operate at two fixed conditions, in an on-off mode. The two conditions are: normal power, used for regular city and highway driving schedules; and high power, used for long hill climbs. Therefore, the engine can be completely characterized by specifying the engine efficiency and power at normal and high power conditions. The generator is also specified by two efficiency values, one at the normal power conditions, and the other at the high power conditions since generator efficiency is also a function of torque and RPM. Operating the engine and generator at fixed conditions makes it possible to optimize the system at the normal power conditions, which is the most usual operating point. The system efficiency is then higher than the efficiency of an engine and generator that have to operate over a wide range of conditions. FUEL CELL -In hybrid vehicles (configurations 6 and 7), fuel cells are assumed to operate at two fixed power settings, in the same mode of operation used for constant speed engine hybrids. Therefore, fuel cells in hybrid vehicles are also completely characterized by the efficiency and power at the high power mode and at the normal power mode. In pure fuel cell vehicles (configuration 8), fuel cells directly provide all the power to drive the traction motor. This configuration is evaluated by using fuel cell efficiency data as a function of generated power. Fuel cell information is stored in a data file. HVEC includes data for a proton exchange membrane fuel cell.11 The user can choose this data file, or generate and use a data file that is appropriate for a particular fuel cell type or characteristics. HVEC does not allow regenerative braking for pure fuel cell vehicles, due to the high cost and technical difficulties associated with fuel cell electrolyzers.
FLYWHEEL OR ULTRACAPACITOR -Flywheels or ultracapacitors are defined by specifying the energy storage capacity, the energy storage density (per unit mass of the system), the maximum specific power (maximum power divided by total system mass), and the turnaround efficiency (output energyhnput energy), which is assumed constant. Turnaround efficiency includes the flywheel or ultracapacitor and all required electronics for power conditioning. HVEC keeps an inventory of the energy stored in the system, and controls the operation of the engine or fuel cell based on this value.
BATI'ERIES -Batteries are, among all the vehicle components used by HVEC, the component that presents the greatest difficulty to simulate with a good degree of accuracy. Battery performance is a function of many parameters, such as materials and construction methods, battery age, battery discharge rate, battery discharge history, and temperature. All these factors significantly affect the battery performance. Battery information is stored in data files. HVEC includes data files for the following types of batteries:
Tubular lead-acid battery Nickel-Iron battery 0
Sodium-Sulphur battery
Other types of batteries may be more desirable for electric or hybrid vehicles. However, lack of data at the present time precluded data files for these other types. The user can generate a battery file that is appropriate for a particular application. It should be recognized that this is a difficult procedure, because a battery model is usually appropriate only for the specific type of battery for which the experimental results were obtained.
When battery data are limited, and high accuracy is not required, the flywheel model can be used to simulate a battery. The flywheel model only requires information on specific energy, specific power, and turnaround efficiency, which are available for most battery types. This approach has been used by some researchers in the past? and can be used to obtain initial estimates to vehicle range, energy consumption, and performance.
CODE VALIDATION
Validation of vehicle simulation models is difficult due to the great number of variables that affect vehicle performance. A rigorous code validation requires a statistical analysis, in which the code results are compared to the average vehicle performance obtained over many test drives, to reduce the effect of random variations in vehicle parameters or driving conditions. 15 HVEC has not been validated according to this criterion. However, HVEC has been applied to simulate the performance of two current electric vehicle prototypes for which the required vehicle and performance parameters &e known. The results of the analysis indicate an agreement within 10% between the experimental and calculated values, for fuel economy as well as for time for maximum effort acceleration. While not a rigorous validation, this agreement is considered satisfactory, and indicates that code results are a reasonable indication of vehicle performance.
APPLICATION OF THE CODE
HVEC is now applied to the analysis of a five passenger, engine-flywheel hybrid vehicle which utilizes a hydrogen internal combustion engine. This vehicle is being developed as a low emission, general purpose, long range vehicle. The vehicle operates w i t h a flywheel and an optimized hydrogen engine with a 15: 1 compression ratio. The engine is designed for lean-burn operation at constant speed, and has a predicted brake thermal efficiency of 46%. This vehicle may also be capable of a gasoline equivalent fuel economy of 33.8 km/l (80mpg), which has been set as a goal by the Partnership for a New Generation of Vehicles (PNGV). The vehicle specifications are given in Table 2 . While the values listed in the table are estimates, they are believed to be achievable with current technology.
Engine and flywheel are key vehicle components that are currently under de~elopment.~6.17 Engine efficiency is expected to reach 46% based on previous researchl8919 on high compression, lean burn hydrogen engines. Flywheel data in Table 2 has been obtained from preliminary measurements. Table 3 lists the results obtained for the vehicle. The calculations assume a lower heating value for gasoline equal to 3.18 x 107 J/l. The model predicts a very high combined fuel economy (33.7 km/l,or 79.3 mpg, 55% urban, 45% highway, almost reaching the PNGV goal), emissions lower than those obtained with an electric vehicle, if power plant emissions are taken into accountF0 and good performance (0 -96 km/h acceleration in less than 10 s). Fuel economy is lower for the urban cycle than for the highway cycle, mainly due to the accessory load which has to be provided during vehicle operation (lo00 W total;
500 W for air conditioning and 500 W for other accessories. These values are considered appropriate average accessory loads for driving conditions over an entire year). Since a vehicle in the urban driving cycle takes longer to complete the specified distance, more energy is necessary to satisfy the accessory load in this cycle. Fuel economy for a vehicle with zero accessory load is slightly higher for the urban cycle than for the highway cycle due to regenerative braking in the high efficiency power train considered. Fuel economy for the highway cycle is slightly higher than for the 88 h / h drive, because the vehicle components are selected to provide a high combined cycle fuel economy, resulting in a high power train efficiency for the highway cycle. This compensates for the obvious advantages of constant speed driving. The values for the fuel tank weight and volume listed in Table 3 correspond to a cryogenic liquid hydrogen storage system that can store 3.75 kg of hydrogen to give a 480 km (300 mile) range.
The code has also been used for parametric studies of this vehicle. Parametric studies are important because, some of the vehicle data are subject to change. It is also desirable to know how sensitive the fuel economy of the vehicle is to variations in the different improving the parameters that are the most important for obtaining high fuel economy. Figures 2(a) -(d) are a set of fuel efficiency maps for the vehicle, with contour lines that indicate gasoline equivalent km/l, with mpg in parentheses, for the combined driving cycle as a function of engine brake thermal efficiency, versus vehicle mass, drag, accessory load, and flywheel efficiency, respectively. These figures also show operating points for similar vehicles with a hydrogen engine, a compressed natural gas (CNG) engine, and a gasoline engine. The efficiency for the gasoline engine shown in the figures is the peak efficiency for a current engine.21 The efficiency of the natural gas engine is estimated as 35%, assuming 1 2 1 compression ratio and storchrometric &/fuel ratio. Fig. 2(b) also have a small slope, which indicates that drag does not have a major effect on fuel economy, at the speeds being considered in this analysis.
Figure 2(c) shows fuel economy lines as a function of engine efficiency and vehicle accessory load. The figure shows that accessory load has a major effect on fuel economy, and this effect is observed to increase as the engine becomes more efficient. This figure points very clearly to accessory load reduction as an important way to obtain high fuel economy in high efficiency power train vehicles. Flywheel energy storage capacity and power are also important parameters for vehicle design. It is especially important to know the minimum flywheel energy storage capacity and power that results in satisfactory vehicle operation . Figures 3 and 4 show the results of a parametric analysis, for the flywheel energy storage and power capacities, respectively .
As flywheel energy storage capacity increases, it takes a longer time for it to charge and discharge. Therefore, both the average engine on-time and off-time are increasing functions of the flywheel energy storage capacity. Figure 3 shows average engine on-time and off-time, for the urban and highway cycles, for the hybrid vehicle. The linearity of the curves (except for some variations due to the irregularities in the driving cycle) indicates that the engine duty cycle (fraction of the total time the engine is on) remains constant in the whole range, approximately equal to 0.13 for the urban cycle, and 0.26 for the highway cycle. For small flywheel capacities, the average engine on-time drops to under 1 minute, where engine cycling losses may set a lower limit to the flywheel energy capacity. 
CONCLUSIONS
This paper describes a vehicle simulation model which can be applied to many of the electric and hybrid vehicle configurations currently being considered for low pollution and high-fuel economy. For a given vehicle, the model calculates energy consumption and fuel economy over three driving cycles, maximum effort acceleration performance, hill climbing performance, power train component dimensions, and emissions. The results obtained with the simulation code have been compared with measurements made for two existing electric vehicle prototypes, and the agreement has been satisfactory.
The paper also describes the application of the simulation model to a hydrogen hybrid vehicle that operates with a constant speed, high compression ratio internal combustion engine. The results indicate that, for the vehicle characteristics used in the analysis, the vehicle is close to meeting the 33.8 b / l ( 8 0 mpg) PNGV goal, has high performance, low emissions, and a 480 km (300 mile) range on 3.75 kg of hydrogen.
The simulation model is also used in parametric evaluations of the vehicle. These have shown that vehicle fuel economy for the hydrogen hybrid vehicle is a strong function of engine efficiency, flywheel turnaround efficiency, and accessory load, and only a week function of mass and drag. Parametric analyses are also applied in the calculation of the minimum flywheel energy and power requirements.
FIGURE CAPTIONS
Schematic of the vehicle configuration that can be simulated with HVEC. Primary power supplies are engines or fuel cells. Storage systems are flywheels, ultracapacitors or batteries.
Fuel economy maps for the hybrid vehicle in the combined cycle. The lines indicate gasoline equivalent km/l, with mpg in parentheses, as a function of engine brake thermal efficiency, and an additional parameter, chosen as mass for Fig. 2(a) , drag for 2(b), accessory load for 2(c), and flywheel turnaround efficiency for 2(d). The figures also show the operating points for vehicles with a hydrogen engine, with a compressed natural gas (CNG) engine. and with a gasoline engine.
Average engine on-time and off-time, for the urban and highway driving cycles, as a function of flywheel energy storage capacity, for the hydrogen hybrid vehicle with a 31 kW engine power output.
Time to reach 96 km/h, as a function of flywheel power capacity, for the hydrogen hybrid vehicle. 
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Electric vehicle. Conventional battery-powered electric vehicle. Flywheel vehicle. Electric vehicle which uses a flywheel instead of a battery for energy storage.
Battery-flywheel hybrid. This vehicle uses a flywheel for leveling the battery load and for regenerative braking. Engine-generator-flywheel hybrid. This vehicle uses an engine operating at a fixed power, in an on-off mode, to keep the flywheel at an appropriate state of charge. ' b e flywheel provides the power peaks, stores the engine energy not required for traction, and provides all the traction energy when the engine is off. Engine-generator-battery hybrid. This vehicle operates in exactly the same way as the engine-flywheel hybrid, with the flywheel replaced by a battery for energy storage. Fuel cell-flywheel hybrid. The operation of this vehicle is also the same as the operation of the engine-flywheel hybrid, with the fuel cell providing a conslant power, in an on-off mode. Fuel cell-battery hybrid In this vehicle, the fuel cell also operates at a constant power in an on-off mode. Energy storage is provided by batteries. Fuel cell vehicle. In this vehicle, the fuel cell directly drives the motor. HVEC assumes that this vehicle cannot do regenerative braking. 
